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Presynaptic Clustering of mGluR7a Requires
the PICK1 PDZ Domain Binding Site
homology, pharmacology, and signal transduction mech-
anisms into group I (mGluR1/5), group II (mGluR2/3),
and group III (mGluR4/6/7/8). Group I mGluRs are pre-
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mate from presynaptic axon terminals, suggesting thatJapan
group III mGluRs may serve as autoreceptors at gluta-
matergic synapses (Pin and Duvoisin, 1995; Takahashi
et al., 1996). Although their exact physiological role is
not clear, the in vivo significance of group III mGluRs isSummary
apparent from behavioral deficits and late-onset epi-
lepsy that occurs in mice with genetic ablation ofAggregation of neurotransmitter receptors at pre- and
mGluR7 (Masugi et al., 1999).postsynaptic structures is crucial for efficient neuronal
The identification of molecules interacting with neuro-communication. In contrast to the wealth of informa-
transmitter receptors constitutes a promising directiontion about postsynaptic specializations, little is known
for a better understanding of the mechanisms involvedabout the molecular organization of presynaptic mem-
in the signaling and targeting of receptors in neurons.brane proteins. We show here that the metabotropic
An example is the identification of the EVH domain–glutamate receptor mGluR7a, which localizes specifi-
containing Homer/Vesl protein family interacting withcally to presynaptic active zones, interacts in vitro
group I mGluRs (Brakeman et al., 1997; Kato et al., 1997,and in vivo with PICK1. Coexpression in heterologous
1998; Xiao et al., 1998). Multimers of Homer long formssystems induces coclustering dependent upon the ex-
link mGluR1/5 and inositol trisphosphate receptors intreme C terminus of mGluR7a and the PDZ domain of
dendritic spines, and the inducible isoform Homer1aPICK1. mGluR7a and PICK1 localize to excitatory syn-
disrupts this link, thus reducing mGluR-mediated re-apses in hippocampal neurons. Furthermore, whereas
lease of intracellular Ca21 (Tu et al., 1998). In addition,transfected mGluR7a clusters at presynaptic sites,
Homer family proteins regulate the intracellular traffick-mGluR7aD3 lacking the PICK1 binding site targets to
ing and clustering of group I mGluRs in heterologousaxons but does not cluster. These results suggest that
expression systems (Ciruela et al., 1999, 2000; RochePICK1 is a component of the presynaptic machinery
et al., 1999; Tadokoro et al., 1999). For ionotropic gluta-involved in mGluR7a aggregation and in modulation
mate receptors AMPA and NMDA, several lines of evi-
of glutamate neurotransmission.
dence indicate that PDZ domain–containing GRIP/ABP,
PICK1, S-SCAM, and PSD-95 protein families play an
Introduction important role in both synaptic clustering and coupling
with downstream signal transduction molecules (Craven
Glutamate receptors mediate most of the excitatory neu- and Bredt, 1998; Hirao et al., 1998; Kim and Huganir,
rotransmission in the central nervous system. Whereas 1999; Sheng and Pak, 1999). For instance, receptor clus-
ionotropic receptor channels of the AMPA, kainate, and tering in heterologous expression systems is induced
NMDA type mediate fast synaptic current flow, the G by PICK1 for AMPA receptors (Xia et al., 1999) and by
protein–coupled metabotropic glutamate receptors PSD-95 for NMDA receptors (Kim et al., 1996). PSD-
(mGluRs) modulate transmission. mGluR activation reg- 95 also interacts with neuronal nitric oxide synthase
ulates neuron survival and development, transmitter re- (Brenman et al., 1996) and with the synaptic Ras-GTPase
lease, neuronal excitability, synaptic plasticity, and activating protein SynGAP (Chen et al., 1998; Kim et al.,
memory formation (reviewed by Nakanishi, 1994; Pin 1998). Furthermore, the mGluR1/5/Homer complex and
and Duvoisin, 1995; Conn and Pin, 1997; Nakanishi et the NMDA receptor/PSD-95 complex are linked by the
al., 1998). Eight members of the mGluR family have been intermediary proteins Shank and GKAP/SAPAP (Naisbitt
cloned to date. These are divided based on sequence et al., 1999; Tu et al., 1999), resulting in an extensive
postsynaptic signaling network.
In spite of this recent progress in the understandingk To whom correspondence should be addressed (e-mail: acraig@
thalamus.wustl.edu). of mechanisms underlying clustering/assembly of re-
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ceptors and signaling molecules at excitatory postsyn-
aptic sites in central neurons, little is known about the
proteins and mechanisms involved in receptor cluster-
ing at excitatory presynaptic sites. As an attempt to
study such mechanisms, the identification of interacting
proteins with group III mGluRs could provide new ele-
ments in the identification of presynaptic proteins spe-
cifically involved in receptor clustering/anchoring at the
active zone. We thus focused our study on mGluR7a,
which is one of the most profusely expressed group III
receptors in the brain and for which the in vivo presynap-
tic aggregation is well established. Using the C-terminal
tail of mGluR7a in the yeast two-hybrid system, we iden-
tified the PDZ domain–containing protein PICK1 as an
mGluR7a interacting protein. We show that the disrup-
tion of PICK1–mGluR7a interaction in neurons abolishes
the presynaptic clustering of mGluR7a. This study de-
fines a potential role for the PDZ domain–containing
protein PICK1 in the distribution of a receptor expressed
at presynaptic specializations and extends PDZ protein
function to subcellular localization of the G protein–
coupled receptor family.
Results
Interaction of PICK1 with the C Terminus of mGluR7a
in the Yeast Two-Hybrid System
To identify proteins that may be involved in the subcellu-
lar targeting of mGluR7a, we searched for mGluR7a
binding proteins by the yeast two-hybrid system. We
used two different baits to screen a rat forebrain cDNA
library: the whole C-terminal tail of mGluR7a (full tail,
amino acids 851–915: 65 residues) or the distal C-termi-
nal tail (distal tail, amino acids 883–915: 33 residues).
Three and eight positive clones were isolated encoding
overlapping sequences for the protein PICK1 using the
Figure 1. Interaction of PICK1 with the C Terminus of mGluR7a infull and distal C-terminal baits, respectively (Figure 1A).
the Yeast Two-Hybrid System
PICK1 is a 55 kDa PDZ domain–containing protein pre-
(A) PICK1 interacts with the C-terminal tail of mGluR7a but not with
viously shown to interact with protein kinase C a (Stau- the C-terminal tail of mGluRs 6, 4a, 2, or 1a. Interactions were tested
dinger et al., 1995), GluR2/3/4c subunits of AMPA recep- by cotransformation of yeast with full-length PICK1 fused to the
tors (Dev et al., 1999; Xia et al., 1999), Eph receptor GAL4 activation domain and with the C-terminal domain of various
mGluRs fused to the GAL4 DNA binding domain. Positive clonestyrosine kinases and ephrin-B ligands (Torres et al.,
leading to expression of the three reporter genes histidine, adenine,1998), and class I ADP-ribosylation factors (ARFs) (Ta-
and b-galactosidase are indicated by a plus sign.keya et al., 2000). To characterize the specificity of the
(B) Mutation of K27D28 to A27A28 located in the PICK1 PDZ domain
mGluR7a–PICK1 interaction, we examined in the yeast abolished the interaction with the C-terminal tail of mGluR7a.
two-hybrid system the interaction with other mGluR (C) Deletion of last 3 amino acids of the distal tail of mGluR7a (distal
subtypes belonging to group I, II, and III. As shown in 7aD3) eliminated the binding with PICK1.
(D) The carboxy tail of mGluR7a does not interact with GRIP, PSD-Figure 1A, no interaction was observed between PICK1
95, and SAP102.and the other mGluRs. It is noteworthy that even
(E) Quantification of the interactions between PICK1 and mGluR7a,mGluR4a, which exhibits a high degree of homology
PKCa, GluR2, and GluR3 measured by yeast two-hybrid assays.
with mGluR7a, does not bind to PICK1. Cotransformed yeast were grown in minimal medium lacking histi-
To determine whether the PDZ domain of PICK1 is dine, tryptophan, and leucine; cells were harvested and their
involved in the interaction with mGluR7a, a mutant in b-galactosidase activity was measured. Data are expressed in
OD420 nm/min/5 3 106 cells 6 SD (n 5 4).the putative carboxylate binding loop of the PICK1 PDZ
domain was generated by replacing lysine 27 and aspar-
tic acid 28 with alanines. Mutation of these two resi-
dues in PICK1 KD/AA eliminated the interaction with We thus examined whether the last three amino acids
of mGluR7a, which fit the hydrophobic motif, participatemGluR7a, indicating that the PDZ domain is essential
for mGluR7a binding (Figure 1B). PDZ domains typically in the interaction with PICK1. Deletion of the last 3 amino
acids LVI abolished the interaction with PICK1, indicat-bind short amino acid motifs at the C termini of the
interacting protein containing either the S/TXV/I consen- ing that the extreme C terminus of mGluR7a is necessary
for mGluR7a–PICK1 interaction (Figure 1C).sus sequence (class I PDZ) or a more broad aromatic/
hydrophobic motif (class II PDZ; Songyang et al., 1997). To examine whether the C-terminal tail of mGluR7a
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binds to other synaptic PDZ domain–containing pro- protein, resistant to high reducing and detergent condi-
tions.teins, the mGluR7a distal tail bait was used in the yeast
two-hybrid system to test whether it binds to PDZ do-
mains of GRIP, PSD-95, or SAP102. No interaction was Association of PICK1 and mGluR7a in Mammalian
observed between mGluR7a and this set of synaptic Heterologous Expression Systems
proteins, whereas GRIP-PDZ456 interacted with AMPA and in Rat Brain
receptor subunits GluR2 and GluR3, and PSD-95- To determine whether mGluR7a receptors and PICK1
PDZ123 and SAP102-PDZ123 with the NMDA receptor interact in a mammalian expression system, we exam-
subunit NR2A as previously reported (Kornau et al., ined the ability of mGluR7a and PICK1 to associate as
1995; Lau et al., 1996; Dong et al., 1997; Figure 1D). a complex when coexpressed by transfection in the
Interestingly, although both mGluR7a and GluR2/3 bind fibroblastic cell line CV1. The cells were transfected with
to PICK1, only AMPA receptor was found to interact Myc-tagged mGluR7a in the absence or presence of
with GRIP. Myc-tagged PICK1. Cells were solubilized using 1% Tri-
In order to compare the relative strength of interaction ton X-100, and the resulting lysate was resolved by SDS–
between PICK1 and mGluR7a versus previously identi- PAGE and immunoblotted with a monoclonal Myc anti-
fied PICK1 binding partners, we performed a quantita- body. In cells cotransfected with both Myc-mGluR7a
tive b-galactosidase assay in the yeast two-hybrid sys- and Myc-PICK1 cDNA, these two proteins were de-
tem using mGluR7a, PKCa, GluR2, and GluR3 as baits. tected by immunoblot (Figure 2C). PICK1 migrated at
As shown in Figure 1E, positive clones expressing PICK1 the reported molecular weight of 55 kDa (Staudinger et
and mGluR7a, GluR2, or GluR3 exhibited a similar level al., 1997; Xia et al., 1999). When the solubilized cell
of b-galactosidase activity, whereas activity was ap- homogenate was immunoprecipitated with a polyclonal
proximately three times weaker for PKCa. PICK1 antibody, Myc-mGluR7a was coimmunoprecipi-
tated with Myc-PICK1, indicating that mGluR7a and
PICK1 were associated when coexpressed in the sameBiochemical Characterization of mGluR7a
Two distinct molecular forms of 100 and 200 kDa for cells (Figure 2C). In contrast, when cells were trans-
fected with Myc-mGluR7a alone, mGluR7a protein wasmGluR7a were detected by immunoblot in rat brain,
even in the presence of reducing agents (100 mM dithio- not detected in the immunoprecipitate, indicating the
specificity of the coimmunoprecipitation. Moreover,threitol or 2% 2-mercapto-ethanol) and after heating
(608C) or boiling the samples prior to loading on SDS– when the mutant receptor Myc-mGluR7aD3 was coex-
pressed with Myc-PICK1, no receptor was detected inPAGE. The proportion of these two forms was depen-
dent on the solubilization procedures (Figure 2A). These the immunoprecipitate (Figure 2C). Similarly, when Myc-
mGluR7a was coexpressed with the PDZ mutant Myc-two forms were similarly detected after solubilization in
Laemmli buffer containing 2% SDS (or up to 5% SDS), as PICK1-KD/AA, mGluR7a was not coimunoprecipitated.
These data indicate that mGluR7a coimmunoprecipita-previously described in neurons as well as in transfected
cell models (Shigemoto et al., 1997; Kosinski et al., 1999). tion with PICK1 is dependent on the interaction between
the last 3 amino acids of mGluR7a and the PDZ domainReduction of SDS to 0.5% resulted in a decrease in
amount of the 100 kDa form and an increase in amount of PICK1, confirming the yeast two-hybrid results (Fig-
ure 2C).of the 200 kDa form. When SDS was omitted in the
solubilization buffer, but replaced by 1% Triton X-100, To further confirm and characterize the interaction
between mGluR7a and PICK1, we tested the effects ofonly the 200 kDa form of mGluR7a was detected by
immunoblot, despite the addition of up to 5% SDS be- different expression ratios and addition of singly ex-
pressing lysates on the coimmunoprecipitation. In thesefore loading the samples on the SDS–PAGE gel. Since
the molecular weight of mGluR7a deduced from its nu- experiments (Figure 2D), mGluR7a and Myc-PICK1 were
singly or coexpressed, subjected to precipitation withcleotide sequence is 102 kDa (Okamoto et al., 1994),
one possibility is that the high molecular weight compo- Myc antibody, and immunoblotted for precipitated
PICK1 and coprecipitated mGluR7a. Coexpression re-nent of mGluR7a results from a high degree of receptor
glycosylation. To test this possibility, membrane ho- sulted in coprecipitation, and although the overall pre-
cipitation efficiency was low, the finding that similarmogenates from rat brain as well as from CV1 cells
transfected with mGluR7a cDNA were treated with the percentages of input mGluR7a and PICK1 were copre-
cipitated suggests that many of the expressed proteinspeptide N-glycosidase F (PNGaseF), an enzyme that
cleaves the N-linked glycosidic moiety of proteins. De- are associated (see densitometric analysis in Figure 2D).
Furthermore, the degree of association could be variedglycosylations were performed in a buffer containing
0.5% SDS. As shown in Figure 2B, the same immunore- by changing the proportions of the cotransfected ex-
pression constructs. We used the coIP mGluR7a/IPactive bands were detected in rat brain and in mGluR7a-
expressing CV1 cells. Deglycosylation resulted in a shift PICK1 densitometric ratio as a coIP index reflecting the
degree of association between mGluR7a and PICK1. Atof the molecular weight to 90 and 190 kDa from the low
and high molecular weight forms, respectively. These an expression ratio of 1/4 mGluR7a/Myc-PICK1 cDNA,
this coIP index value was 4.2. By inverting the expres-observations imply that glycosylation of the mGluR7a
receptor accounts for only 10% of its apparent molecu- sion ratio to 4/1, the coIP index value increased to 32.0.
These data indicate that at an expression ratio of 4/1,lar weight. Therefore, as shown for other mGluRs (Ro-
mano et al., 1996) as well as other GPCRs (Hebert et a higher proportion of PICK1 was associated with
mGluR7a, suggesting that PICK1 was expressed in ex-al., 1996; Cvejic and Devi, 1997; Bai et al., 1998), the
200 kDa form likely corresponds to a dimer of mGluR7a cess compared to mGluR7a in the 1/4 cDNA ratio condi-
Neuron
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Figure 2. Biochemical Characterization of
mGluR7a and Coimmunoprecipitation with
PICK1
(A) The detection in rat brain membrane ho-
mogenates of different molecular forms of
mGluR7a depends on the conditions of solu-
bilization. Rat brain membrane homogenates
were solubilized in either SDS (from 5% to
0.5%) or in 1% Triton X-100. The resulting
lysates were resolved by SDS–PAGE and im-
munoblotted with mGluR7a antibody. A 200
kDa form of mGluR7a is detected under all
conditions. By contrast, the detection of the
100 kDa form decreases with low amounts of
SDS and is no longer observed with Triton
solubilization.
(B) The 100 and 200 kDa forms of mGluR7a
are similarly N glycosylated. Membrane ho-
mogenates from either mGluR7a-transfected
CV1 cells or rat brain were solubilized in 0.5%
SDS and treated for 2 hr at 378C with (plus
sign) or without (minus sign) peptide N-gly-
cosidase F (pNGase).
(C) Myc-mGluR7a is coimmunoprecipitated
with Myc-PICK1 from cotransfected CV1
cells. CV1 cells were transfected as indicated
and solubilized in 1% Triton X-100. The re-
sulting lysates were immunoprecipitated with
a polyclonal PICK1 antibody and probed with
a Myc antibody. Input lanes contain 2% of
extract used for IP.
(D) The mGluR7a-PICK1 complex only forms
when both proteins are expressed in the
same cell and efficiency of formation is af-
fected by coexpression ratio. Solubilized pro-
teins (200 mg) from CV1 cells cotransfected
with mGluR7a and Myc-PICK1 cDNA at the
indicated ratios were immunoprecipitated with a monoclonal Myc antibody. After SDS–PAGE, the blots were probed with polyclonal PICK1
and mGluR7a antibodies. Values for the percentage of immunoprecipitated PICK1 and coimmunoprecipitated mGluR7a were obtained by
densitometric analysis and are expressed as percentageof total input. The coIP mGluR7a/IP PICK1 index is the densitometric ratio of these
two bands (independent of percent input) and is an indication of the degree of association of mGluR7a with PICK1. In the final 3 lanes, as
indicated, excess lysate (100 mg) from cells expressing Myc-PICK1 alone or mGluR7a alone was added to the 1/4 coexpressed lysate (200
mg) or mixed together (200 mg each single lysate) prior to precipitation with the Myc antibody.
(E) mGluR7a is coimmunoprecipitated with PICK1 from rat brain. Rat brain membrane homogenates solubilized in 1% Triton X-100 were
immunoprecipitated with PICK1 antibody. The immunoprecipitates were resolved by SDS–PAGE and probed with mGluR7a antibody. mGluR7a
was detected in the immunoprecipitates only in the presence of PICK1 antibody. We were unable to assay for precipitated PICK1 since
precipitating antibody comigrates at 55 kDa with PICK1 and is recognized by the secondary anti-rabbit antibody.
tion and that increasing the expression of mGluR7a in- same coimmunoprecipitation procedure performed after
mixing Myc-PICK1 lysate with mGluR7a lysate resultedcreased the amount of mGluR7a-PICK1 complex. In this
instance, although the efficiency of total precipitation in similar precipitation of PICK1 but no coprecipitation
of mGluR7a. Thus, the coimmunoprecipitation experi-was still low, mGluR7a was strongly associated with
precipitated PICK1. These results are consistent with ments reflect formation of the complex in the cells prior
to dissociation and not subsequent association in thethe apparent high degree of association of PICK1 and
mGluR7a observed by immunofluorescence (Figure 3). detergent lysate.
To determine whether mGluR7a and PICK1 interactWe next determined whether complex formation
could occur in the lysate or be affected by mixing excess in vivo, rat brain homogenates solubilized in 1% Triton
X-100 were immunoprecipitated with a polyclonal PICK1mGluR7-expressing cell lysate or excess PICK1-express-
ing cell lysate with the coprecipitation reaction. Addition antibody, and the immunoprecipitates were analyzed by
immunoblot using a polyclonal mGluR7a antibody. Asof excess Myc-PICK1 lysate decreased the coprecipita-
tion of mGluR7a, presumably by competition of the ex- shown in Figure 2E, mGluR7a was detected in the immu-
noprecipitate only when PICK1 antibodies were precou-cess Myc-PICK1 against the Myc-PICK1-mGluR7a com-
plex for binding to the Myc antibody–coated beads. pled to the protein A–sepharose beads. Thus, mGluR7a
is associated with PICK1 in vivo.However, addition of excess mGluR7a lysate had no
significant effect on the coprecipitation, even though
the above results indicated that PICK1 is in excess in Coclustering of PICK1 and mGluR7a Receptors
in Heterologous Systemsthis coprecipitation lysate (using the 1/4 mGluR7a/Myc-
PICK1 cDNA ratio). This observation suggests that the To examine whether PICK1 might affect the localization
of mGluR7a expressed in a heterologous expressionmGluR7a-PICK1 complex only formed when both pro-
teins were coexpressed in the same cell. Indeed, the system, we compared in CV1 cells the immunocyto-
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Figure 3. Coclustering of PICK1 and mGluR7a in CV1 Cells Mediated by the Interaction between the mGluR7a C Terminus and the PICK1
PDZ Domain
CV1 cells were transfected with various cDNAs as described on the left of the figure and were immunostained 48 hr posttransfection for
mGluR7a (green, left panels) and Myc-PICK1 (red, middle panels). Cotransfection with mGluR7a and Myc-PICK1 cDNAs induces the formation
of many mGluR7a and PICK1 clusters, which are colocalized. For surface Myc-mGluR7a immunostaining, cells were cotransfected with
extracellular Myc-tagged mGluR7a and flag-PICK1 and the Myc antibody was added to live cells before fixation, permeabilization, and PICK1
immunostaining. Many cell surface Myc-mGluR7a clusters are detected, colocalizing with PICK1. Cells cotransfected with Myc-PICK1 and a
receptor mutant lacking the last 3 amino acids (mGluR7aD3) did not form any clusters. In turn, in cells cotransfected with the wild-type
mGluR7a and PICK1 PDZ domain mutant (PICK1-KD/AA), no clustering was observed. Scale bar: 10 mm.
chemical localization of mGluR7a when expressed alone PICK1. Additional PICK1 intracellular labeling was also
observed.or with Myc-PICK1 (Figure 3). In cells transfected with
mGluR7a alone, the receptors were diffusely distributed To examine the specificity of the coclustering of
mGluR7a-PICK1, cells were cotransfected with the mu-throughout the cells (in 45/45 recorded cells). When
Myc-PICK1 was transfected alone in CV1 cells, Myc- tant form of mGluR7a deleted in its last 3 amino acids
(mGluR7aD3) and Myc-PICK1. This deletion abolishedPICK1 was diffusely distributed in the cytoplasm for
56/60 recorded cells. In a few cells (4/60 cells), some the formation of clusters in 50/50 recorded cells (Figure
3). In turn, to determine if the clustering was dependentsmall clusters of Myc-PICK1 were observed in accor-
dance with the homooligomerization properties of on an interaction between mGluR7a and the PDZ domain
of PICK1, we cotransfected the Myc-PICK1 PDZ domainPICK1 previously reported (Staudinger et al., 1997; Xia
et al., 1999). By contrast, in 71% (57/80) of cells cotrans- mutant KD/AA with the wild-type mGluR7a. No coclus-
tering was observed when these two proteins were ex-fected with mGluR7a and Myc-PICK1, both mGluR7a
and Myc-PICK1 formed many large clusters which colo- pressed in CV1 cells. Thus, the formation of clusters in
this mammalian heterologous system is dependent oncalized (Figure 3). To determine whether these mGluR7a
clusters are expressed at the cell surface, cells were the specific interaction between the C-terminal tail of
mGluR7a and the PDZ domain of PICK1.cotransfected with extracellular Myc-tagged mGluR7a
and flag-PICK1 cDNAs, and Myc immunostaining was
performed on live cells, prior to paraformaldehyde fixa- Both mGluR7a and PICK1 Are Localized at
Excitatory Synapses in Hippocampal Neuronstion, permeabilization, and PICK1 immunostaining. As
shown in Figure 3, the coexpression of Myc-mGluR7a We examined by immunofluorescence the cellular local-
ization of mGluR7a and PICK1 in cultured hippocampaland PICK1 induced the formation of many Myc-
mGluR7a clusters at the cell surface, colocalizing with neurons. The antibodies available for mGluR7a and
Neuron
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Figure 4. Concentration of Endogenous
mGluR7a and PICK1 at Excitatory Synaptic
Sites in Cultured Hippocampal Neurons
Hippocampal neurons after 3 weeks in culture
were immunostained for either mGluR7a or
PICK1 along with the synaptic markers SV2
(left panels) or glutamic acid decarboxylase
(GAD; right panels). Double labeling with SV2
shows that the immunoreactive mGluR7a and
PICK1 clusters are colocalized with synaptic
vesicles at axon-dendrite contacts (arrows;
yellow). By contrast, double labeling with
GAD, a marker for GABAergic inhibitory syn-
apses, shows no overlap between mGluR7a
or PICK1 clusters (arrows) and GAD-con-
taining nerve terminals (arrowheads), indicat-
ing the selective targeting of mGluR7a and
PICK1 to excitatory synapses. Scale bar:
8 mm.
PICK1 were both raised in rabbit, hampering a direct macroscopic clustering of mGluR7a and (2) mGluR7a
and PICK1 were both localized at excitatory synapticdouble labeling of these two proteins. We thus com-
pared their distribution relative to different synaptic sites, we postulated that PICK1 might be involved in
the synaptic aggregation mechanisms of mGluR7a atmarkers. As shown in Figure 4 (and see Bushell et al.,
1999), mGluR7a receptors were heterogeneously local- excitatory synapses. One strategy to test this hypothesis
is to compare in transfected neurons the extent of syn-ized along nerve processes, distributed in clusters
mainly colocalizing with the synaptic marker SV2. Simi- aptic clustering of the recombinant wild-type mGluR7a
with that of mGluR7aD3, which does not bind to PICK1.larly, PICK1 was concentrated in synaptic sites colocal-
izing with SV2 (Figure 4; and see Xia et al., 1999). Addi- Since previous studies inducing short-term expression
of Myc-mGluR7a from defective HSV vectors to analyzetionally, some intracellular diffuse labeling for PICK1
was also observed in dendrites and nerve cell bodies. To axon targeting did not reproduce synaptic clustering
(Stowell and Craig, 1999), we switched to lipid-mediateddetermine if the mGluR7a- and PICK1-positive synapses
were excitatory or inhibitory, double-labeling experi- transfection methods to obtain variable-level long-term
expression. However, even with methods generatingments were conducted with a glutamic acid decarboxyl-
ase (GAD) antibody, a marker for the GABAergic nerve moderate expression levels for 2 weeks, although Myc-
mGluR7a was efficiently targeted to the neuronal plasmaterminals that correspond to the inhibitory synapses
present in the hippocampal culture system. No overlap membrane, this receptor was homogeneously distrib-
uted along the axonal and somatodendritic domainswas observed between either mGluR7a or PICK1 and
GAD-positive terminals, indicating that both mGluR7a without any enrichment at specific membrane microdo-
mains (data not shown). We then tested whether theand PICK1 are preferentially targeted to excitatory syn-
apses (Figure 4). presence of the Myc epitope in the N-terminal domain
of mGluR7a could prevent receptor clustering. Wild-type
mGluR7a, without the Myc sequence, was transfectedDisruption of the Interaction between PICK1 and
mGluR7a Abolishes the Formation of mGluR7a into cultured neurons at the time of plating and visual-
ized after 2 weeks with an mGluR7a antibody. As shownSynaptic Clusters in Hippocampal Neurons
Given the following observations: (1) the coexpression of in Figure 5A, recombinant wild-type mGluR7a receptors
exhibited a highly punctate pattern of immunoreactivitymGluR7a and PICK1 in a heterologous system induced a
PICK1 Binding and Presynaptic Clustering of mGluR7
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Figure 5. Targeting of Recombinant mGluR7a Receptors to Presynaptic Sites in Hippocampal Neurons
Neurons were transfected with mGluR7a cDNA at the time of plating and immunostained at 14 DIV for mGluR7a along with SV2 (A) or MAP2
(B and C).
(A) Recombinant mGluR7a is clustered at synaptic sites. Transfected neurons were identified based on a greater intensity and size of
recombinant mGluR7a clusters (large arrows, inset A9) than for endogenous receptor clusters (small arrows, inset A9). The recombinant mGluR7a
clusters associated exclusively with fine caliber processes extended far from the transfected cell body and running over nontransfected cell
bodies (asterisks) and dendrites. Most of these recombinant mGluR7a clusters colocalized with the synaptic marker SV2 (bottom insets). Low
camera exposure allowed visualization of only recombinant mGluR7a.
(B) Recombinant mGluR7a clusters are associated with axons. Recombinant mGluR7a (green) clusters were associated with MAP2 (red)-
negative processes, thus defined as axons. Note that receptor clusters were apposed to dendrites (arrows).
(C) Recombinant mGluR7a is diffusely distributed in dendrites (green, arrowheads) indicating that recombinant mGluR7a was targeted to both
axons and dendrites. However, no receptor clusters were observed in dendrites, double labeled here with MAP2 (red). Note the presence of
the surrounding transfected axon exhibiting recombinant mGluR7a clusters (arrows). Scale bars: (A and C) 60 mm; (A9) 6 mm; (B) 20 mm.
along nerve processes, indicating that the Myc epitope ing of mGluR7a with the synaptic marker SV2 showed
that the majority of the recombinant mGluR7a receptorintroduced 3 residues past the predicted signal se-
quence of mGluR7a prevented synaptic clustering. A clusters were localized at synaptic sites (Figures 5A and
6). These synaptic clusters were profusely and exclu-hypothesis to explain the default of clustering observed
for the Myc insertion could be inhibition of in situ sively associated with solitary thin processes far re-
moved from any transfected neuronal cell bodies, run-mGluR7a dimerization, which might be a mandatory step
for presynaptic clustering. ning for a long distance over nontransfected cell bodies
and dendrites, suggesting that the receptors wereWe thus conducted the following experiments by ex-
pression of non-Myc-mGluR7a constructs. The distribu- targeted to presynaptic terminals (Figure 5A). Double
immunocytochemical localization of the transfectedtion of the recombinant wild-type mGluR7a was studied
in cultured neurons between 11 and 16 days in vitro by mGluR7a receptors with the dendritic marker MAP2
showed clearly that receptor clusters were associatedimmunofluorescence techniques using the anti-mGluR7a
antibody, which also reacted with the endogenously ex- with MAP2-negative nerve processes, thus defined as
axons (Figure 5B). Recombinant mGluR7a immunostain-pressed receptors. Quantitative analysis showed that
the fluorescence intensity and size of the recombinant ing was also detected over neuronal cell bodies and
dendrites (Figure 5C). Contrasting with what was ob-mGluR7a clusters were on average three and six times
higher, respectively, than for the endogenous receptor, served in axons, mGluR7a immunoreactivity was dif-
fusely distributed in the somatodendritic domain ofallowing therefore an unambiguous detection of the
transfected mGluR7a (Figure 5A9). Double immunostain- transfected neurons and was of weak intensity, sug-
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Figure 6. Requirement for the Extreme C-Terminal PICK1 Binding Domain of mGluR7a for Presynaptic Clustering
Hippocampal neurons were cotransfected at the time of plating with a membrane bound form of GFP (mGFP) and either mGluR7a wild-type
(A) or mGluR7aD3, a mutant receptor lacking the last 3 amino acids that does not interact with PICK1 (B). At 15 DIV neurons were fixed and
immunostained for mGluR7a and the synaptic marker SV2. The left three panels represent each individual channel for mGluR7a (red), SV2
(blue), and mGFP (green).
(A) The cotransfection with mGFP shows the well-preserved morphology of the transfected processes. Recombinant mGluR7a clusters are
only observed on mGFP-positive axons and are predominantly colocalized with the synaptic marker SV2 (arrows, white color corresponds to
superimposition of the red, blue, and green channels).
(B) Contrasting with the wild-type mGluR7a, the mutant receptors are mostly diffusely distributed along axonal processes and no correspon-
dence is observed between mGluR7aD3 immunoreactivity and SV2 clusters. Cotransfection with mGFP shows that, as for wild-type mGluR7a,
the mutant receptor is efficiently targeted to axons. Scale bar: 8 mm.
gesting that the transfected mGluR7a receptors were with the synaptic marker SV2 showed no correspon-
dence between mGluR7aD3-expressing axonal portionsprimarily transported to axonal processes. The charac-
terization of mGluR7a-immunoreactive processes was and the presence of synapses. Thus, the deletion of the
last 3 amino acids of mGluR7a prevented the synapticfurther analyzed by coexpression of mGluR7a with a
membrane-bound form of GFP (designated as mGFP, aggregation of the receptor, but not its axonal targeting.
Since the immunocytochemical procedure for receptorit contains the GAP-43 membrane anchoring signal; Mo-
riyoshi et al. 1996). The coexpression of mGFP confirmed detection relied on the use of an intracellular-targeted
mGluR7a antibody requiring cell permeabilization, wethe axonal nature of nerve fibers bearing mGluR7a pun-
cta based on their morphological features and ensured were not able to directly demonstrate that the trans-
fected receptors were expressed at the cell surface. Asthe well-preserved morphology of the transfected cells.
As shown in Figure 6A, clusters of transfected mGluR7a explained above, the N-terminal Myc-tagged receptors
could not be used for presynaptic clustering studies butcolocalized with endogenous SV2 in healthy mGFP-la-
beled axons, indicating that the mGluR7a cluster forma- could be used as a control to determine the efficiency
of cell surface expression. Nonpermeabilized neuronstion at presynaptic sites resulted from a precise tar-
geting mechanism. transfected with Myc-mGluR7aD3 were immunolabeled
with a Myc antibody to visualize plasma membrane–Using the same approach, the distribution of the mu-
tant mGluR7aD3 was analyzed in cultured hippocampal associated receptors. The mutant receptors were ex-
pressed at the neuronal plasma membrane similar toneurons by cotransfecting mGluR7aD3 and mGFP
cDNA. As observed for the wild-type mGluR7a, the Myc-wild-type mGluR7a (data not shown), sug-
gesting that the deletion of the last 3 amino acids did notmGluR7aD3 receptors were efficiently targeted to ax-
ons. However, contrasting with the recombinant wild- affect the transport of the receptors to the cell surface.
type and endogenous receptor distributions, the mutant
mGluR7aD3 receptor immunoreactivity was not concen- Discussion
trated at synaptic sites, but exhibited rather a more
diffuse pattern, distributed in large stretches along axo- This study identified the PDZ domain–containing protein
PICK1 as a binding partner for mGluR7a in vitro as wellnal processes (Figure 6B). Moreover, double localization
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as in vivo. The binding of the extreme C terminus of PICK1 clustering may involve two different domains of
PICK1. The interaction with mGluR7a involves specifi-mGluR7a with the PDZ domain of PICK1 induced in CV1
cells the formation of cell surface mGluR7a receptor cally the amino acids K27D28 in the PICK1 PDZ domain.
PICK1 is able to homooligomerize via its N-terminal half,clusters colocalizing with PICK1. Immunostaining analy-
sis in cultured hippocampal neurons showed that en- and mutation of the K27D28 residues does not disturb its
self-association (Staudinger et al., 1997). This suggestsdogenously expressed mGluR7a and PICK1 are concen-
trated at excitatory synaptic sites. In accordance with that PICK1 self-association may be independent of its
interaction with mGluR7a and may allow for the multi-in vivo data (Bradley et al., 1996; Shigemoto et al., 1996,
1997), neuron transfection with mGluR7a cDNA revealed meric assembly of PICK1 and mGluR7a required for
clustering. It is easy to envision coclustering in heterolo-clearly the exclusive presynaptic nature of mGluR7a-
immunoreactive clusters distributed along axonal pro- gous systems via concatamerization of PICK1 multimers
and mGluR7a dimers. However, the mechanisms of re-cesses, mostly colocalized with the synaptic marker
SV2. Deletion of the last 3 amino acids of mGluR7a, ceptor clustering at specific microdomains in neurons
are likely to be more complex, and we cannot rule outwhich eliminates the binding to PICK1, did not disturb
the axonal targeting of the receptor but abolished its the involvement of other unidentified proteins that may
also bind the extreme C terminus of mGluR7a.synaptic aggregation. This study demonstrates the im-
portance of the last 3 amino acids of mGluR7a for the Although our study presents evidence suggesting that
PICK1 is involved in the clustering of mGluR7a in hippo-presynaptic clustering of the receptor and suggests that
this event is mediated in part through mGluR7a binding campal neurons, it also suggests that other elements
are required for the specific aggregation of mGluR7awith PICK1. This study, describing an interaction be-
tween a PDZ domain–containing protein and a presyn- at presynaptic sites. PICK1 has been reported to be
enriched at postsynaptic sites in hippocampal neuronsaptic receptor, raises the possibility that PICK1 may
impact presynaptic metabotropic glutamate function by (Torres et al., 1998; Xia et al., 1999). Recombinant
mGluR7a was weakly but detectably expressed in thepromoting mGluR7a clustering at presynaptic sites.
These findings extend PDZ protein functions to the sub- somatodendritic domain of hippocampal neurons where
it was diffusely distributed, in spite of the presence ofcellular localization of the G protein–coupled receptor
family. endogenous PICK1 clusters at postsynaptic sites. It may
be that the postsynaptic PICK1 PDZ domain interaction
sites are saturated by binding to postsynaptic proteinsMechanisms of mGluR7a Targeting in Neurons
such as AMPA receptors or that the presence of PICK1We have demonstrated that deletion of the last 3 amino
is not sufficient to promote mGluR7a clustering in den-acids of mGluR7a (aa 913–915) does not disturb axonal
drites.targeting of the receptor but abolishes its aggregation
at presynaptic sites. Stowell and Craig (1999) showed
that an axon-targeting signal is present in the last 32 Clustering of Presynaptic Membrane Proteins
In addition to PICK1, other proteins that may be involvedamino acids of the C-terminal tail of mGluR7a. We can
now more precisely define the axonal targeting domain in the presynaptic localization of mGluR7a include com-
ponents of the presynaptic cytoskeletal matrix such asof mGluR7a as upstream of the last 3 amino acids, within
amino acids 883–912. Moreover, we conclude that the Bassoon, Piccolo/aczonin, and Rim (Cases-Langhoff et
al., 1996; Wang et al., 1997, 1999; tom Dieck et al., 1998;mGluR7a–PICK1 interaction is not involved in axonal
targeting of mGluR7a since the mutant mGluR7aD3, Fenster et al., 2000). These large proteins contain many
interaction modules, including zinc finger, coiled coil,which did not bind PICK1, was still targeted to axons.
This result also suggests that synaptic clustering of PDZ, and C2 domains, and all are highly concentrated
near the active zone of axon terminals. The interactionsmGluR7a may involve late steps in targeting, perhaps
by retention or recruitment at the synapse of receptors of Rim with activated Rab3a, and of Piccolo/aczonin
with PRA1 and profilin suggest that these proteins maypreviously inserted in axonal plasma membrane.
We postulate that PICK1 may be involved in the pre- play a role in synaptic vesicle trafficking at the active
zone (Wang et al., 1997, 1999; Fenster et al., 2000).synaptic clustering of mGluR7a for the following rea-
sons. First, coexpression of PICK1 and mGluR7a in CV1 Given the multiple interacting modules contained in this
protein family, it is conceivable that their functions arecells induces a macroscopic clustering of mGluR7a.
Second, both PICK1 and mGluR7a are localized at excit- diverse and that they could be involved in the anchoring
of receptors, such as mGluR7a, at the presynaptic activeatory synapses in hippocampal neurons. mGluR7a is
selectively concentrated in the presynaptic plasma zone.
Another complex of PDZ domain–containing proteinsmembrane (Figure 5; Shigemoto et al., 1996, 1997). The
presence of PICK1 immunoreactivity in synaptic vesicle that appears to be both pre- and postsynaptic is Mint1/
CASK/Veli, mammalian homologs of LIN-10/LIN-2/LIN-7fractions as well as in postsynaptic density fractions
(Torres et al., 1998; Xia et al., 1999) strongly suggests (Butz et al., 1998; Hsueh et al., 1998; Jo et al., 1999).
Binding to Mint1 may regulate presynaptic clustering ofthat PICK1 is expressed in both pre- and postsynaptic
domains. Third, disruption of mGluR7a–PICK1 interac- N-, P/Q-, and R-type voltage-dependent Ca21 channels
that mediate the rapid Ca21 influx that triggers synaptiction by deletion of the last 3 amino acids of mGluR7a
abolished mGluR7a clustering in both CV1 cells and vesicle fusion (Maximov et al., 1999; Wu et al., 1999).
Binding of the CASK PDZ domain to the C terminus ofhippocampal neurons, suggesting that mGluR7a–PICK1
interaction is necessary for receptor aggregation in neurexins is thought to contribute to the function of
neurexins in modulating presynaptic adhesion and/orthese two cellular systems.
The molecular mechanism underlying mGluR7a– transmitter release (Hata et al., 1996; Irie et al., 1997).
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883–912). The mGluR7a baits were assayed for their interaction withThe PDZ domain of PICK1 appears to have a similar
PICK1 mutated in its PDZ domain (mutation of K27 and D28 tobinding specificity to that of CASK, raising the intriguing
alanines; PICK1-KD/AA) as previously described (Staudinger et al.,possibility that PICK1 may bind and regulate neurexins
1997; Xia et al., 1999).
and/or that CASK may bind and regulate mGluR7a. Interaction of mGluR7a distal tail bait with the following synaptic
PDZ proteins was tested: GRIP, PSD-95, and SAP102. Specific frag-
ments of these PDZ proteins were inserted into pPC86: a fragmentRole of the C-Terminal Tail in mGluR7a Function
of GRIP containing the first 3 PDZ domains (GRIP-PDZ123), or the
Other functional domains of the C-terminal tail of PDZ domains 4–6 (GRIP-PDZ456) or the seventh PDZ domain (GRIP-
mGluR7 have been described in addition to those in- PDZ7), and a fragment of PSD-95 and SAP102 containing the first
volved in axon targeting and presynaptic clustering. The 3 PDZ domains. Positive controls for GRIP (last 50 amino acids of
GluR2 and GluR3 into pPC97) for PSD-95 and SAP102 (last 200proximal part of the C-terminal tail (aa 856–878) binds
amino acids of NR2A into pPC97) were analyzed in the same yeastcalmodulin and the bg subunits of the trimeric G protein
two-hybrid assay. For quantitative analysis, b-galactosidase activitycomplex in a mutually exclusive manner (Nakajima et
using a colorimetric assay was measured in four yeast clones co-
al., 1999; O’Connor et al., 1999). Functional studies sug- transformed in four independent experiments with PICK1 and either
gested that this interaction, by regulating mGluR7-asso- distal C-terminal tail of mGluR7a, PKCa (aa 302–672), GluR2, and
ciated signaling, may contribute to the autoinhibition GluR3 (last 50 amino acids).
observed at glutamatergic synapses induced by group
III mGluR activation (Conn and Pin, 1997; O’Connor et
Antibodies
al. 1999). The calmodulin binding domain of mGluR7 The anti-mGluR7a affinity-purified rabbit polyclonal antibody used
could be phosphorylated by PKC, preventing the bind- in the present study for immunoblot and immunocytochemistry was
ing of calmodulin (Nakajima et al., 1999), and activation generated against the C-terminal part of mGluR7a (aa 874–915 and
immunopurified against aa 896–915) and has been extensively char-of PKC suppresses the ability of group III mGluRs to
acterized (Shigemoto et al., 1996, 1997). Similar immunoblot andinhibit transmission (Macek et al., 1998). All together,
immunolocalization results were also obtained with an independentthese data point out the importance of the C-terminal tail
antibody against aa 896–915 of mGluR7a obtained from Dr. P. J.
for mGluR7a function and localization via three specific Conn (Emory University; Bradley et al., 1996). The anti-PICK1 affinity-
domains: a proximal domain particularly engaged in a purified rabbit polyclonal antibody was generated against the last
signaling complex, a central domain involved in the axo- 100 amino acids of mPICK1 and was previously characterized (Xia
et al., 1999). The monoclonal mouse Myc antibody 9E10 was anal targeting of mGluR7a, and an extreme distal domain
generous gift from Dr. V. Gelfand (University of Illinois). The MAP2involved in the synaptic aggregation of the receptors.
mouse monoclonal antibody AP20 was purchased from Chemicon.Interestingly, PICK1 was originally identified for its inter-
The monoclonal mouse antibodies SV2 and glutamic acid decarbox-
action with PKC and has been shown to be a substrate of ylase GAD6 were obtained from Developmental Studies Hybridoma
this kinase (Staudinger et al., 1995). It is thus conceivable Bank. The peroxidase, Texas red, FITC, and AMCA conjugated sec-
that, in addition to regulating the subcellular distribution ondary antibodies were purchased from Jackson Laboratory.
of mGluR7a, PICK1 could concomitantly modulate the
calmodulin-dependent signaling pathway associated
Coimmunoprecipitation, Deglycosylation,
with mGluR7a through its interaction with PKC. Similar and Immunoblotting from Rat Brain
to the proposed roles of PSD-95 at the postsynaptic Rat brains were homogenized using 10 strokes with a motor driven
site and InaD in Drosophila photoreceptors (Tsunoda et Dounce homogenizer in 10 mM Tris-HCl (pH 7.4) containing 320 mM
sucrose, 5 mM EDTA, and a cocktail of protease inhibitors. Theal., 1997; Craven and Bredt, 1998), PICK1 could act as
resulting suspension was centrifuged at 3,500 3 g for 10 min. Thea scaffolding molecule at presynaptic sites organizing
supernatant was collected, centrifuged at 20,000 3 g for 20 min,mGluR7a receptors with specific transduction com-
and the pellet was resuspended in 10 mM Tris-HCl containing 5
plexes. mM EDTA (TE). The membrane preparation (5 mg of protein) was
solubilized overnight at 48C in 1 ml of TE containing either 5%, 2%,
or 0.5% SDS or 1% Triton X-100 and a cocktail of protease inhibitors,Experimental Procedures
and centrifuged at 40,000 3 g for 40 min. The supernatant was then
used for immunoblot, deglycosylation, or coimmunoprecipitationYeast Two-Hybrid Screening
For the bait constructions, the whole (aa 851–915) and distal (aa experiments.
For deglycosylation, 30 mg of protein solubilized in 0.5% SDS was883–915) C-terminal tail of mGluR7a were obtained by PCR amplifi-
cation from pmGR7 (Okamoto et al., 1994; kindly provided by Dr. incubated with or without (control) 500 units of peptide N-gly-
cosidase F (pNGase F, New England BioLabs) for 2 hr at 378C in theS. Nakanishi, Kyoto University, Japan) and subcloned in frame into
the SalI–NotI sites of pPC97, which contains the GAL4 DNA binding presence of 1% Nonidet P40. Samples were resolved by SDS–PAGE
(7.5% acrylamide) and transferred to a nitrocellulose membranedomain. A random-primed library from rat cortex and hippocampus
in pPC86, which contains the GAL4 activation domain, was gener- (Amersham). The nitrocellulose membrane was blocked in 5% dehy-
drated milk in 20 mM Tris-HCl (pH 7.4) containing 0.45 M NaCl andated as previously described (Brakeman et al., 1997). Each bait was
cotransformed with the library in the yeast strain PJ69-4A harboring 0.05% Tween 20 (TBST) and incubated overnight in polyclonal rabbit
mGluR7a antibody (1:2000).HIS3, ADE2, and lacZ reporter genes (James et al., 1996), and posi-
tive clones were selected on plates lacking leucine, tryptophan, and For immunoprecipitation, about 10 mg of affinity-purified rabbit
anti-PICK1 antibody was preincubated with 40 ml of a 1:1 slurry ofhistidine. The positive clones were further selected by growing in a
medium lacking leucine, tryptophan, histidine, and adenine and were protein A–sepharose for 2 hr at 48C. The protein A antibody complex
was centrifuged at 3,000 3 g for 2 min, and washed with TE. Aboutthen tested for b-galactosidase activity using a colorimetric assay.
Interacting clones were rescued, retransformed to confirm interac- 400 mg of the solubilized rat brain membrane protein lysate was
then added to the PICK1 antibody–coupled beads, and the mixturetion, and sequenced.
Full-length PICK1 cDNA (Staudinger et al., 1995) cloned into was incubated overnight at 48C. After 3 washes with 1% Triton in
TE and subsequent 3 washes in TE, the immunoprecipitates werepPC86 was tested for its interaction with other mGluR C-terminal
tails subcloned into pPC97 (mGluR1a: aa 841–1199, mGluR2: aa analyzed by immunoblot. For control experiments, the same proce-
dure was followed except that (1) no solubilized brain proteins were820–872, mGluR4a: aa 848–912, mGluR6: aa 801–872) and with the
distal C-terminal tail of mGluR7a lacking the last 3 amino acids (aa added to the PICK1 antibody–coupled beads, or (2) the solubilized
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proteins were added to sepharose beads not coupled to PICK1 The fluorescence intensity and size of the endogenous and recombi-
nant mGluR7a clusters were quantified on 129 and 134 clustersantibodies.
respectively using Metamorph software. Each coverslip was sys-
tematically scanned on a Zeiss Axioskop with a 253 lens and eachCV1 Cell Transfection, Coimmunoprecipitation,
transfected cell scored for density of recombinant receptor clusters.and Immunostaining
A total of 54 and 39 neurons expressing the wild-type and mutantFor mGluR7a expression, mGluR7a cDNA in pBS (Okamoto et al.,
mGluR7a, respectively, were recorded from four independent exper-1994) was digested with EcoRV–SmaI, and the resulting fragment
iments. For the images of the transfected mGluR7a receptors, thewas subcloned into the SmaI site of GW1, a mammalian expression
photographic exposures were chosen to selectively reveal the over-vector that uses the CMV promoter. A mutant of mGluR7a lacking
expressed receptors.the last 3 amino acids (mGluR7aD3) was generated in GW1 using
PCR. A two-step PCR strategy was also used to insert an extracellu-
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